Bacterial RNA polymerases (RNAPs) undergo coordinated conformational changes during catalysis. In particular, concerted folding of the trigger loop and rearrangements of the bridge helix at the RNAP active center have been implicated in nucleotide addition and RNAP translocation. At moderate temperatures, the rate of catalysis by RNAP from thermophilic Thermus aquaticus is dramatically reduced compared with its closest mesophilic relative, Deinococcus radiodurans. Here, we show that a part of this difference is conferred by a third element, the F loop, which is adjacent to the N terminus of the bridge helix and directly contacts the folded trigger loop. Substitutions of amino acid residues in the F loop and in an adjacent segment of the bridge helix in T. aquaticus RNAP for their D. radiodurans counterparts significantly increased the rate of catalysis (up to 40-fold at 20°C). A deletion in the F loop dramatically impaired the rate of nucleotide addition and pyrophosphorolysis, but it had only a moderate effect on intrinsic RNA cleavage. Streptolydigin, an antibiotic that blocks folding of the trigger loop, did not inhibit nucleotide addition by the mutant enzyme. The resistance to streptolydigin likely results from the loss of its functional target, the folding of the trigger loop, which is already impaired by the F-loop deletion. Our results demonstrate that the F loop is essential for proper folding of the trigger loop during nucleotide addition and governs the temperature adaptivity of RNAPs in different bacteria.
C ellular multisubunit RNA polymerases (RNAPs) transcribe genes of up to tens of thousands nucleotides long with high precision and processivity. The catalytic cycle of RNAP is driven by complex conformational changes that accompany NTP binding, catalysis, and RNAP translocation. Recent studies identified two elements in the largest RNAP subunit (␤Ј in bacteria, Rpb1 in eukaryotic RNAP), the trigger loop (TL, or G loop), and the bridge helix (BH, or F-bridge helix), which appear to play the key role during the nucleotide addition cycle (Fig. 1 ). In the absence of a nucleotide substrate, the TL [amino acids 1234-1254 in Thermus aquaticus (Taq) and Thermus thermophilus RNAPs; amino acids 1077-1097 in Saccharomyces cerevisiae (Sce) RNAPII] adopts an open conformation in which its central part is unstructured (1, 2) . Binding of an NTP substrate induces folding of the TL, resulting in extension of the two ␣-helixes at the base of the TL and creating a closed, catalytically competent conformation of the active center in which the NTP is properly aligned with the 3Ј-OH of the nascent RNA for facile catalysis ( Fig. 1 A-C) (3, 4) . The folded TL and the BH form a three-helix bundle that interacts with the substrate NTP and the template DNA base. In particular, the TL residues M1238 and H1242 (Taq numbering is used throughout the manuscript unless otherwise indicated) contact the base and the phosphate moieties of the incoming NTP, respectively, whereas the central part of the BH contacts the template base ( Fig. 1 A-C) ; importantly, many additional ␤ and ␤Ј residues make essential interactions with the NTP substrate (3) . The tip of the folded TL is accommodated in a pocket ( Fig. 1 ) that is jointly formed by the N terminus of the BH (1068-1074 in Taq RNAP; 811-817 in Sce RNAPII); a loop adjacent to the N terminus of the BH (amino acids 1039-1067; 762-810 in Sce RNAPII), herein called the F loop; a short ␣-helix preceding the F loop (amino acids 1033-1038; 756-761 in Sce RNAPII); and several conserved amino acids of the ␤-subunit. The role of these elements in RNAP function has not been studied.
After NMP incorporation and PP i release, the enzyme must move one nucleotide downstream the DNA to allow for addition of the next nucleotide. This process is likely accompanied by (i) a helix3loop transition of the TL (3) (4) (5) and (ii) local unfolding or shifting of the BH, as observed in different RNAP and elongation complex (EC) structures (5) (6) (7) (8) . Both elements have been proposed to play a role in translocation, and many mutations in the TL and the BH impair the catalytic cycle (3, (9) (10) (11) (12) . However, certain substitutions in the TL (G1136S in Escherichia coli RNAP; ref. 10) or in the BH (F773V in E. coli RNAP; ref. 13) , and many substitutions in Methanocaldococcus jannaschii (14) , lead to moderate increase in the rate of RNA synthesis.
The catalytic cycle of RNAP is interrupted by inhibitors that restrict mobility of the TL and the BH (Fig. S1 ). In bacterial RNAP, antibiotic streptolydigin (Stl) binds in the middle of the BH and blocks folding of the TL (3, 15) . In eukaryotic RNAPII, cyclopeptide inhibitor ␣-amanitin binds in a pocket formed by the F loop, contacts the TL, and presumably prevents its folding during the catalytic cycle (5, 12, 16) . ␣-Amanitin was also proposed to trap an EC intermediate in which the ''wedged'' TL stabilizes a shifted conformation of the BH, which in turn occludes the site that the template DNA base would occupy after translocation (5). Thus, coordinated structural transitions of the TL and the BH may control the nucleotide addition cycle. RNAP can also carry out pyrophosphorolysis, the reversal of the nucleotide addition reaction, and the reactions of exonucleolytic and endonucleolytic RNA cleavage (17) . These reactions are catalyzed by the same pair of catalytic Mg 2ϩ ions bound in the RNAP active center (18) , but the role of other RNAP elements involved in nucleotide addition in these reactions remains unclear.
RNAPs from thermophilic bacteria display much lower catalytic rates at low and moderate temperatures than the enzymes from mesophilic bacteria (19) (20) (21) . In particular, we demonstrated that Taq RNAP transcribed much slower than its closest mesophilic relative, Deinococcus radiodurans (Dra) RNAP, at temperatures below 37°C (21) . This ''cold sensitivity'' of thermophilic enzymes is thought to result from their reduced conformational mobility at low temperatures (22)-thus, the analysis of ''cold sensitivity'' could reveal key contributors to the conformational dynamics during catalysis. In this work, we sought to identify structural elements of RNAP responsible for the observed differences between RNAPs Author contributions: I.A., S.K., V.N., and A.K. designed research; N.M. and A.K. performed research; S.K. contributed new reagents/analytic tools; N.M., I.A., V.N., and A.K. analyzed data; and I.A. and A.K. wrote the paper.
from Taq and Dra. We show that this difference can be largely accounted for by the differences in the F loop and an adjacent segment of the BH. We also demonstrate that the F loop is necessary for the efficient RNA synthesis but is less important for endonucleolytic RNA cleavage. We propose that the F loop promotes the proper folding of the TL during nucleotide addition.
Results
Elongation by Taq RNAP and Its Mosaic Variants. Even single amino acid substitutions in the structural elements involved in catalysis dramatically alter the catalytic properties of RNAP (3, 9, 12, 14, 17, 18) . We thus wondered whether the differences in the cold sensitivity of the Taq and Dra enzymes could be conferred by changes of just a few residues. Sequence alignments of the ''catalytic'' ␤Ј-subunits revealed several amino acid substitutions that could play a key role in defining the rate of RNA synthesis. In particular, Dra RNAP contained four substitutions in the TL (V1246I, V1248G, T1250G, and Q1254M), one substitution (S1074T) in the BH, and eight substitutions in the F loop (with no substitutions in the adjacent N-terminal ␣-helix and in the ␤-subunit residues that contact the folded TL; Fig. 1D ). Any of these substitutions (shown in Fig. 1 A and C) could potentially affect the rate of catalysis by altering the concerted transitions of the TL and the BH. Whereas changes in these two elements may directly alter their mobility, the F-loop substitutions could act indirectly, through altering the F-loop contacts with the TL and the BH. For example, Q1046A substitution changes an amino acid that is in close proximity to the tip of the folded TL, whereas S1049D, F1053I, and S1059A substitutions are near the upper part of the BH ( Fig. 1 A and C) .
To assess the role of these substitutions, we created two mosaic derivatives of Taq RNAP in which the selected regions were replaced with the corresponding sequences from Dra. In the first mosaic enzyme (G-loop-Dra), we replaced the TL (residues 1236-1255). In the second mosaic RNAP (F-Dra), we replaced the region including the F loop and the N-terminal part of the BH (residues 1039-1074, nine substitutions, including the single substitution in the BH). To facilitate subsequent structural analysis, all experiments were performed with RNAP variants lacking the nonconserved ␤Ј-N-terminal domain (amino acids 159-453). This deletion does not affect the rate of RNA synthesis but enables efficient crystallization of the recombinant RNAP (23) .
The elongation properties of RNAP variants were analyzed on a linear DNA template containing the P R promoter followed by the his terminator. On this template, RNAP is halted after addition of AMP at position 26 if transcription is carried out in the absence of CTP (the first C residue is encoded by the 27th template position). Stable, radiolabeled A26 ECs were chased by the addition of all four NTPs to 100 M, and the aliquots were withdrawn at the desired times and quenched ( Fig. 2A) . The experiment was performed at 40°C, the temperature optimum for the Dra RNAP (21) . In agreement with the published data, there was a large difference in the average elongation rates of the Taq and Dra RNAPs; the half-times of the synthesis of the terminated RNA transcript were Ϸ80 s and Ϸ10 s, respectively. Mosaic G-loop-Dra RNAP did not differ significantly from the Taq enzyme; in fact, it had a somewhat reduced rate (Fig. 2 A) . In contrast, F-Dra RNAP displayed a much higher elongation rate (the half-time of Ϸ15 s; Fig. 2 A) .
We then tested elongation properties of the F-Dra mosaic RNAP at 20°C because the difference in elongation rates between Taq and Dra RNAPs is exacerbated at lower temperatures (21) . Indeed, at 20°C, Dra RNAP transcribed dramatically faster than Taq RNAP (Ϸ45 s and Ͼ Ͼ1,800 s, respectively; Fig. 2B ). The mosaic RNAP was also significantly faster than the Taq enzyme (the half-time of Ϸ400 s).
Substitutions in the F Loop and the BH Affect the Rate of Single-
Nucleotide Addition. The observed differences in the aggregate elongation rate could be due to the differences in the NTP substrate binding, different rates of catalysis or RNAP translocation, or the altered pausing propensities of variant enzymes. To focus on the differences in the catalytic rate, we measured the rates of singlenucleotide addition in artificially assembled ECs. These experiments were performed by using a previously characterized minimal scaffold template (Fig. 3A) (24) . The complex of RNAP with this template adopts a posttranslocation conformation in which the nascent RNA is resistant to pyrophosphorolysis and intrinsic cleavage (Fig. S2 ). The catalytic rates were measured at the saturating substrate concentration (1 mM UTP, specified by the template), which is several-fold higher than the apparent K M value for UTP for wild-type RNAP on this scaffold (Ϸ200 M; Fig. S3 ). The measurements were performed at 40°C and 20°C, allowing for a direct comparison with the elongation-rate measurements performed under the same conditions; the results of representative experiments performed at 20°C are shown in Fig. 3B . The rate of nucleotide addition by the mesophilic Dra RNAP (k obs Ϸ 500 s Ϫ1 at 40°C) was similar to the rate reported previously for E. coli RNAP on another scaffold that was shown to support rapid nucleotide addition (3), indicative of the active conformation of the scaffold used in our experiments. The observed rate of UMP incorporation by Taq RNAP was Ϸ10-fold slower than the rate of Dra RNAP at 40°C, and it was Ϸ320-fold slower at 20°C (Fig. 3C , Table 1 and Table S1 ). These differences correlate well with the elongation-rate measurements. Thus, the differences in the average elongation rates of Taq and Dra RNAPs can be explained largely by their different rates of catalysis.
The rate of catalysis by the mosaic G-loop-Dra RNAP was similar to that of the Taq enzyme, whereas the mosaic F-Dra RNAP was Ϸ6-fold faster at 40°C and was Ϸ40-fold faster at 20°C (Fig. 3C , Table 1, and Table S1 ). In fact, the rates of catalysis by the F-Dra RNAP were closer to those by the Dra RNAP. Control experiments demonstrated that the mosaic RNAP had about the same apparent K M value for UTP as the wild-type Taq RNAP (Ϸ200 M ; Fig. S3) ; therefore, the observed differences are likely due to differences in catalysis and not in the substrate binding. These data show that nine amino acid residues in the F loop and the BH apparently account for the large part of the catalytic rate difference between Taq and Dra RNAPs. To determine which of these residues play a key role in catalysis, we constructed additional variants of Taq RNAP with substitutions in this region: (i) S1074T substitution, the only variant residue in the BH; (ii) Q1046A substitution of a residue in close contact with the TL in the insertion complex; (iii) substitution of the central part of the F loop (F-loop-Dra; five substitutions in total: Q1046A, K1047R, S1049D, E1051S and F1053I); and (iv) deletion of the central part of the F loop (⌬F-loop; amino acids 1044-1056 replaced with Gly; Fig. 1 ). The rates of nucleotide addition by RNAPs with single substitutions Q1046A and S1074T were significantly faster than the rate of wild-type RNAP (1.5-to 2-fold at 40°C and 3-to 3.5-fold at 20°C; Table 1 and Table S1 ). The F-loop-Dra RNAP containing five substitutions in the F loop, including Q1046A, had the same rate of catalysis as the RNAP with the single Q1046A substitution, suggesting that the other four substitutions either do not affect or compensate each other's effects on the rate of catalysis. These results demonstrate that the observed difference in the catalytic rates of Taq and Dra RNAPs may result from the combination of just a few amino acid substitutions, including the two ␤Ј-residues, 1046 in the F-loop and 1074 in the BH. Further experiments are required to establish whether these two substitutions have additive effects on catalysis and to identify additional residues that affect the rate of RNA synthesis.
Deletion of the central part of the F loop had the most dramatic effect on the rate of NMP addition, which was reduced Ϸ700-and Ϸ70-fold at 40°C and 20°C, respectively, relative to the wild-type Taq RNAP (Table 1 and Table S1 ), as well as on pyrophosphorolysis (Fig. S4) . On the other hand, the ⌬F-loop RNAP had the same apparent K M value for UTP as the wild-type enzyme (Fig. S3) . Thus, the F loop plays an essential role in nucleotide addition but is dispensable for the substrate binding.
Effects of Stl on Nucleotide Addition by T. aquaticus RNAP with
Mutations in the F Loop. Stl binds near the center of the BH in the bacterial RNAP and prevents folding of the TL to stabilize the EC with the NTP trapped in the preinsertion state (3). Stl strongly inhibits nucleotide addition, pyrophosphorolysis, and intrinsic RNA cleavage (15) ; it has been proposed that these diverse effects of Stl are mediated by freezing of a nonproductive RNAP conformation, but the detailed mechanism of inhibition has not been studied.
We tested effects of Stl on catalysis by Taq RNAP and its mosaic variants at 20°C, the temperature at which the analyzed RNAPs have pronounced differences in the catalytic rates (Table 1) . Stl (at 100 g/mL) slowed nucleotide addition by the wild-type Taq RNAP about 80-fold ( Fig. 3C and Table S1 ). The effect of Stl was much higher in the case of the F-Dra RNAP, which was inhibited about 3,300-fold at the same conditions ( Fig. 3C and Table S1 ). In contrast, ⌬F-loop RNAP was essentially resistant to Stl (less than 2-fold inhibition; Fig. 3C and Table S1 ). At the same time, the mutation did not impair the antibiotic binding (see below, the last section of Results). Remarkably, all three enzymes had similar rates of catalysis in the presence of Stl, comparable to the rate of the ⌬F-loop RNAP in the absence of the antibiotic (Fig. 3C) . Together, these data suggest that Stl and the deletion of the ␤Ј-F-loop may affect the nucleotide addition reaction in a similar fashion.
Effects of Mutations in the F Loop on Substrate Discrimination.
Structural modeling suggests that the F-loop may control catalysis through direct interactions with the TL (see Discussion). Mutations in the TL of Sce RNAPII impair discrimination of correct nucleotides against noncomplementary and deoxyribonucleotide substrates (12) . We therefore tested whether mutations in the F loop confer similar effects. We analyzed incorporation of complementary dTMP and noncomplementary CMP on the minimal nucleic acid scaffold template (Fig. 3A) . Both substrates were incorporated by Taq RNAP with a very low efficiency; the rates of dTMP and CMP addition (measured at 40°C at 1 mM concentration of the substrates) were Ϸ17,000-and 3,500-fold slower, respectively, than the UMP addition rate (Table S1 ). F-Dra RNAP displayed similar differences in the rates for correct and incorrect nucleotides. In contrast, the ⌬F-loop RNAP was unable to discriminate against the noncognate substrates with the same efficiency as the wild-type RNAP: the rates for dTMP and CMP incorporation were only Ϸ120-and 700-fold slower than the rate for UMP incorporation (Table S1 ). These results demonstrate that the F loop is required for substrate selection by RNAP, likely by affecting TL/BH dynamics (see Discussion), and is particularly important for rNTP/dNTP discrimination.
Role of the F Loop in RNA Cleavage. Nascent RNA cleavage in backtracked ECs is mediated by the RNAP active site and requires the two catalytic Mg 2ϩ ions (17, 18) . This reaction is stimulated by the Gre cleavage factors (25) (26) (27) (28) and the 3Ј end of the nascent RNA (29) , and it is abolished by substitutions of the catalytic Asp residues (18) . However, the role of other RNAP elements involved in catalysis, including the TL and the BH, in this reaction has not been studied. It also remained unknown whether RNAPs that differ in the rates of RNA synthesis (e.g., Taq and Dra RNAPs) have similar differences in the rates of RNA cleavage.
We measured the rates of intrinsic RNA cleavage by the wildtype Taq and Dra RNAPs and by the mosaic Taq RNAP variants in ECs assembled on a nucleic acid scaffold shown in Fig. 4A ; this scaffold has been shown to support robust RNA cleavage (18) . Incubation of ECs in the presence of Mg 2ϩ (10 mM) resulted in cleavage of the two 3Ј-terminal nucleotides from the 13-nt-long RNA to yield an 11-nt RNA product (Fig. 4B) . At 20°C, the difference in the rates of RNA cleavage by the Taq and Dra RNAPs was only about 6-fold, in a sharp contrast to the 320-fold difference in the nucleotide addition rates (Fig. 4B , Table 1, and Table S1 ). The rate of RNA cleavage by the mosaic F-Dra RNAP was about 2-fold faster than the rate of the wild-type Taq RNAP. Remarkably, the RNA cleavage rate by the ⌬F-loop enzyme was only Ϸ3-fold slower than the rate of the wild-type Taq RNAP. Stl efficiently inhibited RNA cleavage by all three Taq RNAP variants, reducing it to undetectable levels (Fig. 4C) . The Stl IC 50 values in this reaction were comparable for all three RNAPs (Fig.  S5 ) indicating that they do not differ significantly in the antibiotic binding, and therefore the observed differences in the effects of Stl on nucleotide addition by these RNAPs (see above and Fig. 3C ) cannot be explained by differences in the efficiencies of Stl binding. Although it remains unknown whether Stl inhibits the cleavage reaction itself or backtracking of RNAP that precedes the cleavage, it can be concluded that the inhibition does not depend on the F loop. Together, these results indicate that the F loop is not required for the RNA hydrolysis by RNAP (see Discussion).
Discussion
In this work, we identify the ␤Ј-subunit F-loop as an additional structural element near the active center which, along with the TL and the BH, plays an essential role in catalysis by bacterial RNAP. The F loop is located near the upper part of the BH and directly contacts the tip of the folded TL in the EC with the substrate bound in the RNAP active center (Fig. 1) . Together with the BH, the F loop forms a gateway that accommodates the folded TL during nucleotide addition. The F loop may therefore modulate catalysis by affecting the conformation of the TL and/or the BH. Several lines of evidence obtained in our work suggest that the F loop may be required for the proper folding of the TL and may stabilize the closed conformation of the active center during catalysis.
First, a deletion in the F loop in Taq RNAP led to marked defects in the catalytic properties of RNAP, which were strikingly similar to those conferred by substitutions in the TL. In particular, deletions of the TL in Taq and E. coli RNAPs (9, 15) and amino acid substitutions in the TL in E. coli RNAP (3, 9) and in Sce RNAPII (12) also resulted in a dramatic decrease in the rate of nucleotide addition.
Second, substitutions and deletions in the TL in bacterial and eukaryotic RNAPs (3, 9, 12, 15) and the F-loop deletion did not change the apparent K M value for NTP, suggesting that their principal defect was in catalysis rather than in substrate binding. Thus, efficient NTP binding can occur in the open active center conformation independently of the TL folding.
Third, Stl does not inhibit RNA elongation by RNAPs with the deletion in the F loop (Fig. 3C ) or in the TL (15) . Stl binds to the unfolded TL and blocks its folding, freezing the EC in an inactive state (Fig. S1 A) (3) . Resistance to the antibiotic can be conferred by an unusual folded state of the TL, such as in the hairpinstabilized paused EC, which is thought to block Stl binding (9) . By contrast, the deletions of the F loop and the TL apparently do not impair the antibiotic binding (Fig. S5 and ref. 15) ; in this case, the resistance to Stl likely results from the loss of its functional target, the folding of the TL, which is already impaired by these deletions.
Finally, similarly to the TL substitutions in Sce RNAPII (12) and in E. coli RNAP (10), the F-loop deletion impaired substrate selection. It has been proposed that the TL acts as a critical component of kinetic selection of correctly matched NTP substrates by promoting their faster incorporation in comparison with incorrect substrates (12, 30) . In support of this hypothesis, substitution of a residue in the ␣-helix at the base of the TL that affected the equilibrium between the closed and open TL conformations decreased fidelity of RNA synthesis by Sce RNA-PII (30) . Our results suggest that the F loop also contributes to substrate selection by promoting proper folding of the TL.
Crystal structures of T. thermophilus ECs with or without bound NTP reveal local conformational changes of the F loop that may relate to the TL folding (Fig. 5) . Although the conformation of the polypeptide backbone of the F loop does not change significantly upon NTP binding, the positions of several amino acid side chains in this region change by 1.6-4.5 Å. In particular, these changes involve ␤Ј-residues Q1033, Q1037, R1042, L1044, and Q1046, which contact the tip of the folded TL, and E1051, which is located at the tip of the F loop (Fig. 5) . Although the significance of the observed changes for the TL folding remains unknown, this suggests a certain degree of conformational mobility of the F loop that may play an important role in catalysis. Interestingly, the F loop also appears to be a target for the CBR compounds that were proposed to act by freezing an unproductive conformation of RNAP (31) . E. coli mutations conferring resistance to CBR have been mapped to the F loop and to an adjacent segment of the BH; P750L substitution in the central part of the F loop and F773V (correspond to positions P1048 and F1071 in Taq; Fig. 5 ) resulted in an increased rate of transcript elongation in vitro and CBR dependence in vivo (31) ; the latter result indicates that the F loop is not a binding site, but rather a functional target of CBRs.
Another inhibitor of multisubunit RNAPs, ␣-amanitin, binds at the F loop of RNAPII and inhibits both RNAP translocation and catalysis (5, 12, 16) . ␣-Amanitin directly interacts with the TL residue H1085 and fixes the TL in a wedged conformation, which likely stabilizes the shifted state of the BH and blocks translocation (Fig. S1B) (5) . ␣-Amanitin also makes contacts with the F-loop residues that interact with the tip of the folded TL (Fig. S1 B and  C) , leading to a model in which ␣-amanitin acts by inhibiting the TL folding (5, 12) . Indeed, similarly to substitutions in the TL, ␣-amanitin impairs substrate selection by RNAPII (12) . The F loop of RNAP is therefore an attractive target for design of novel RNAP inhibitors.
In contrast to RNA synthesis, the cleavage reaction apparently does not depend on the F loop, because RNAP with the deletion in the F loop can efficiently catalyze RNA cleavage. Furthermore, RNA cleavage, but not RNA synthesis, by the ⌬F-loop RNAP was efficiently inhibited by Stl. Therefore, the hypothetical F-looppromoted TL folding may not be a rate-limiting step during RNA cleavage. In recently published structures of backtracked ECs of Sce RNAPII, the TL adopts open or partially open conformations and contacts backtracked RNA (32). These observations suggest that the nucleotide addition and cleavage reactions may depend on different TL conformations, only the first of which depends on the F loop. Such a model would explain the inhibitory effect of Stl on RNA cleavage by the ⌬F-loop RNAP; for example, through blocking of a cleavage-competent conformation of the TL. It remains to be established whether the TL plays a key role in RNA cleavage, or whether other structural element(s) in the RNAP active center are sufficient for this reaction.
We demonstrated that substitutions in the F loop and in the adjacent segment of the BH may serve as a mechanism of adaptive regulation of the catalytic rates of RNAPs from mesophilic and thermophilic bacteria. Substitution of this region in Taq RNAP with the corresponding region from Dra RNAP resulted in a significant increase in the rate of nucleotide addition, especially at low and moderate temperatures. Remarkably, the observed increase was much more dramatic than reported previously for substitutions in TL and BH that stimulated the rate of elongation 2-to 3-fold (10, 14) . We also showed that substitutions of two individual residues from this region in Taq RNAP, Q1046A and S1074A, increased the rate of catalysis about 3-fold. The first substitution changes amino acid residue that is in close contact with the TL in the substrate-bound EC and may therefore directly affect the TL folding during catalysis. The second substitution, S1074A, is located in the upper part of the BH. Its effect on catalysis may be explained by altered contacts between the BH and the F loop which, in its turn, interacts with the TL. Substitutions that affect the rate of RNA synthesis by E. coli RNAP were mapped to adjacent positions in the BH (13, 31) . One of these substitutions, F773V (corresponds to Taq F1071; Fig. 5 ) was suppressed by R744C substitution (R1042 in Taq; Fig. 5 ) (31) in the F loop. It is therefore possible that certain substitutions in the F loop may also affect catalysis through changes in the conformation of the adjacent BH. The functional interplay between substitutions in the F loop and the BH suggests that the conformational changes of the BH and the F loop are coordinated in the catalytic cycle. These changes may be a target for transcription regulation and may underlie adaptive differences in catalytic rates of RNAPs from different organisms. Interestingly, the differences in the RNA cleavage rates by Taq and Dra RNAPs were much less dramatic than the differences in rates of RNA synthesis, implying that RNA cleavage is less dependent on thermal adaptation and is likely determined by distinct elements of the active center.
Sequence alignments reveal insertions at the tip of the F loop (varying in size from 5 to 20 residues) in several bacterial lineages, as well as in archaeal and eukaryotic species (Fig. 5 and Fig. S6 ). Although the effects of these insertions on RNAP catalysis have not been studied, it is possible that they alter catalytic properties of RNAP in a species-specific way. Indeed, previous observations pinpointed another insertion, the 188-residue-long SI3 segment in the TL in E. coli RNAP (see Fig. 5 for its position), to play an essential role in catalysis, and its deletion had complex effects on transcription elongation, pausing, and RNA cleavage (3, 13) . Thus, further structural analysis of the conformational dynamics of the tripartite F-loop/TL/BH unit will provide important insights into the mechanisms of catalysis by multisubunit RNAP.
Materials and Methods
Wild-type core RNAPs and A subunits from Taq and Dra were purified as described previously (20, 21, 23) . Mosaic Taq RNAPs were obtained by sitedirected mutagenesis and purified from E. coli cells similarly to the wild-type enzyme. The detailed description of RNAP purification and transcription assays is provided in the SI Methods.
